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1. Introduction 
This analysis was stimulated by news from the United States where very 
large pp and pp colliders are actively being studied at the moment. 
Indeed, a first look at the basic performance limitations of possible pp or 
pp rings in the LEP tunnel seems overdue, however far off in the future a 
possible start of such a p-LEP project may yet be in time. What we shall 
discuss is, in fact, rather obvious, but such a discussion has, to the best 
of our knowledge, not been presented so far. 
We shall not address any detailed design questions but shall give 
basic equations and make a few plausible assumptions for the purpose of 
illustration. Thus, we shall assume throughout that the maximum energy 
per beam is 8 TeV (corresponding to a little over 9 T bending field in very 
advanced superconducting magnets) and that injection is at 0.4 TeV. The 
ring circumference is, of course that of LEP, namely 26,659 m. It should 
be clear from this requirement of "Ten Tesla Magnets" alone that such a 
project is not for the near future and that it should not be attempted be-
fore the technology is ready. 
A single-ring pp collider would seem to require the lowest cost for a 
given centre-of-mass energy. And at CERN such a solution would be much 
favoured by the existence of a powerful p injector complex and a wealth of 
unique experience in p accelerator technology. We shall, therefore, ana-
lyse this possibility first. LEP is laid out for a maximum of eight col-
lision points and it seems almost compulsory that the proton ring will have 
to follow this. In spite of what is stated in reference 1), p. 102, it 
seems very hard to separate 8 TeV beams (by electrostatic or RF fields) in 
a single ring and even if this were possible the beam separation would add 
significantly to the required aperture. Thus, it is difficult to exceed 
the number of four bunches per beam - even more difficult to exceed it by a 
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large factor - and we shall assume kb = 4. as in LEP. This restriction 
does not seem to limit average luminosity significantly but it does lead to 
a low duty factor and, hence, to unresolvable multiple events within one 
bunch-bunch collision even with relatively modest average luminosities. 
We assume that a twin-ring pp collider would also employ bunched 
beams, a likely choice if only to limit the stored energy in the beams. 
Therefore, a discussion of this possibility can follow the same lines as 
the pp case. According to a proposal by R. Palmer, pairs of magnets might 
be combined into "two-in-one" units, each having a common core and cryo-
stat. In spite of this, a twin-ring collider will be significantly more 
expensive than a single pp ring. However, the use of protons in both 
beams permits higher luminosities, and separate rings permit subdivision of 
each beam into a large number of bunches, thereby eliminating the problem 
of unresolvable multiple events within one bunch-bunch crossing. 
Since both options, pp and pp, are assumed to use bunched beams the 
design will start along the formalism now well established for electron 
colliders. However, radiation damping turns out to be almost negligible. 
In the absence of completely new developments - such as cooling of high-
energy bunched beams2) - beam emit tances are, therefore, given by the in-
jector complex. We shall not discuss this complex (nor, indeed any aspect 
of p production and accumulation) but merely state requirements for postu-
lated luminosity so that these requirements may be compared with present-
day figures2l of the SPS collider. 
2. Beam-beam limited luminosity 
We first consider pp collisions in a single ring. We assume fully 
overlapping beams, i.e. equal emittance for protons and antiprotons. The 
luminosity for head-on collisions is given by 
L = 
41te2 fkbo *.:r * 
X y 
(1) 
where I+ (protons) and L (antiprotons) are the total circulating beam 
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currents, ax* (horizontal) and ay* (vertical) are the rms beam radii at 
the collision point, f = 11.25 kHz is the LEP revolution frequency, kb is 
the number of bunches per beam. Transverse Gaussian charge distribution 
is assumed at least for the bunch core. The beam-beam strength parameter 
produced by the protons and suffered by the antiprotons is given by 
l;u = 
* * * 21tyefkba (a +a ) U X y 
(2) 
Here u stands for x (horizontal) or y (vertical) and rp = 1.53 x 10-18 m, 
e = 1.60 x 10-19 As, y is the Lorentz factor and ~u* the amplitude func-
tion at the collision point. 
that, obviously, I+ ) I_. 





E = * u ~u 
(3) 






the horizontal to vertical emittance ratio. Requesting that the beam-beam 
strength parameter I; be the same in both directions leads to 
(5) 




Combining equations (1) and (6) and equating I;; to the maximum tolerable 
"beam-beam tune shift" for bunched protons3l 
(7) 
gives the usual equation for beam-beam limited luminosity; 
L 
y I;; I_ ~ 
= 2r ej3 ( ~) 
p y 
(8) 
For simplicity, and in the absence of better knowledge, we assume the same 
1\ 
limiting value I;; in both planes and for strong-strong (I+ = I_) as well as 
strong-weak (I+ > I_) interactions. With proton beams there is no reason 
to expect a large emittance ratio K. To fi.x ideas we shall assume 
K : 2. (9) 
Demanding that 
-for pp at 8 TeV 
with I;; = 0.003 and K = 2, inescapably leads to the minimum value of total 




1.28 x 10-3 A/m. ( 10) 
i3y 
Clearly the minimum achievable value of 13y* is a decisive parameter. 
Following ref. (1) in assuming that i3y* = 1 m may be feasible at 8 TeV 
(although nothing approaching this has yet been demonstrated in practice) 
we find (with nothing left to choose and independent of kb) that a total 
number of 
7 • 11 X 1011 antiprotons 
is required to reach a luminosity of 1031 cm-2 s-1 • 
the number of antiprotons per bunch is given by 
= 1 • 78 x 1 o11 • 
( 1 Oa) 
Thus, with kb = 4 
( 1 Ob) 
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This is about 15 times higher than that which is achieved at present2) 
with three bunches in the SPS pp collider (but less than twice the original 
design aim of that project). 
Writing equation (6) in terms of emittance (for ax*ay*) gives the 
proton current over transverse emittance required to reach the beam-beam 
limit; 
( 11 ) 
or, in terms of protons per bunch, Nb+• 
( 12) 
Note that, again, there are essentially no free parameters and 
Nb+ 1.85 X 1016 (protons per bunch) ( 12a) = ye:x rad m 
are required to reach I; = 0.003 with K = 2. 
The most economic choice would be I+ = I_; then equation (12a) with 






0.96 X 10-5 rad m 
0.48 X 10-5 
( 12b) 
rad m 
Larger emittance values can still be made to reach I; = 0.003 by increasing 
the proton current in proportion. However, the "transverse phase-plane 
density" of equation (12a) must be respected. 
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With L = 1031 cm-2s-1 and kb = 4 in the p-LEP ring the luminosity 
per bunch-bunch collision is given by 
= 
( 13) 
so that around ten (unresolvable) events will occur on average within one 
collision. Unfortunately there is nothing one can do short of reducing 
the design luminosity or increasing significantly the number of bunches 
(and then attempting the terrible job of separating the 8 TeV beams at many 
places around the single ring). 
A twin-ring pp collider can be filled to significantly higher total 
beam intensities because of the possiblity of operating with a large number 
of bunches. Thus we might choose ten times the circulating beam current 
given in equation (10), namely 12.8 mA or a total number of 
7.11 x 1012 protons 
in each beam to aim at 
L = 
at 8 TeV with ~y* = 1 m and I; = 0.003. In order to limit the luminosity 
per bunch collision [equation (13)] to 2.5 x 1025 cm-2 we choose 
= 360 
for instance. (This is subharmonic to the present LEP harmonic number but 
injection from the SPS must be studied.) Thus we have 
= 1.98 x 10
10 protons per bunch 
in each beam and equation (12a) gives 
YE = 1.06 X 10-6 radm X 
YE = 0.53 X 10-6 radm y 
as the emittances required to reach I; = 0.003 with K = 2. If these emit-
tance values were to remain unattainably small, fatter and more intense 
beams can be used. For instance an emittance ten times larger with 3.2 
times higher beam currents, i.e. 
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13 40.5 rnA or 2.25 x 10 protons per beam I = 
= 6.25 x 10
10 protons per bunch 
= 1.07 x 10-
5 rad m 
= 0.503 x 10-
5 rad m 
will also reach a luminosity of 1032 cm-2 s-1 but at~= 0.001. 
It is true that 40.5 rnA of circulating beam contains around 29 MWs of 
stored energy, equivalent to about ten times the stored energy in an ISR 
beam. Beam dumping in the face of superconducting magnets must certainly 
be studied. Another problem with intense proton beams and cold-bore 
superconducting magnets will be synchrotron radiation, as shown below. 
3. Synchrotron radiation 
The energy loss per revolution of a proton due to synchrotron radia-




= - 1tr Eo 3 p 
L 
p 
where Eo = 0. 938 x 109 eV and p is the bending radius, taken as 2900 m 
(cf. below). At 8 TeV we find 
Uo = 11 kV. 
For the purpose of calculating beam power, Pb, we take three cases 
from section 2: 
a) pp, 1031 cm-2s-1 at ~ = 0.003, I+ = I_ = 1.3 mA 
2Pb = 28.1 W, 2Pb/21tp = 1.5 mW/m (both beams) 
b) pp, 1 o3 2 cm-2s- 1 at ~ = 0. 003, I = 13 rnA 
Pb = 140 W, Pb/21tp = 7.7 mW/m (per ring) 
c) pp, 1032 cm- 2s- 1 at~= 0.001, I= 40 mA 
Pb = 444 W, Pb/21tp = 25 mW/m (per ring) 
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Cold-bore superconducting magnets may still be possible even in case 
c). 
The damping times are approximately given by 
2E 
't = E,x,y feU0JE 
. ,x ,y 
With the orthodox choice of partition numbers JE = 2, Jx,y = 1 we find 
= 18 h 
for the damping of the energy spread and twice that for the transverse 
dimensions at E = 8 TeV. This may be just sufficient to halt the emit-
tance growth due to nonlinear resonances, rest-gas collisions etc. 
4. Lattice and layout 
We do not attempt to work out a lattice, however provisional. We 
note, however, that the requirements for the main FODO arcs (possibly in-
cluding the dispersion suppressors at each end) are not obviously different 
for the p-ring discussed here and the e-ring under construction. We may 
assume, therefore, for the purpose of illustration, that the main para-
meters- period length io, phase advance per cell ~0 , maximum and minimum 
amplitude function ~max• ~min and overall tune Q - are the same, namely 
(LEP Note 394): 
io = 79.0 '11 
~0 = 600 (both planes) 
~max = 135 "' 
~min = 46.3 m 
Q 60 . 
Since the magnets of the p-ring will be put on top of those of the 
e-ring, using the sqme peric:Q '""gth will facilitate installation. The 
superconducting lattice quadr~poles (concomitant with a 9 T bending field!) 
might have a grad'•ent cf 250 T/m1 l (at 5 em bore diameter, say) and a 
magnetic length of 2. 75 m. To accommodate this (the e-LEP quadrupoles 
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have 1.60 m magnetic length) and extra length for the ends of superconduc-
ting magnets, the bending length per period will be shorter than the value 
of 70.1 m allocated for e-LEP. We assume (very optimistically) that this 
will reduce the bending radii p from 3099 m to 2900 m so that a bending 
field 
Bo = 9.2 T 
is required for 8 TeV. Thus the development of "Ten-Tesla Magnets" is a 
prerequisite for reaching 8 TeV nominal beam energy. 




was postulated to reach ~ = 0.001 and L = 1032 cm-2 s-1 with 2 x 40 mA cir-
culating current (in 2 x 360 bunches) with a pp twin-ring collider. The 
same emittance would reach~= 0.003 and L = 1031 cm-2 s-1 with 1.3 mA each 
of protons and antiprotons (in 2 x 4 bunches) with a pp ring. 
tance would lead to 
a = 1.8 mm 
xmax 
This emit-
at ~max and 0.4 TeV injection energy. About 2 mm at maximum dispersion 
has to be added. It seems that a circular aperture of 25 mm radius 
throughout the main arcs is sufficient. 
Since the p-ring will have to follow the LEP tunnel, and probably even 
the e-ring itself, it seems difficult to make much use of the 2 x 8 very 
long "e-RF" straight sections for additional bending; there would be 
roughly 1.5 m sagitta required for continuing the bending some 100m into 
the straight tunnel section. These long straights may, however, turn out 
to be useful, for example for bringing pp (or ep!) beams together or for 
beam dumping. 
It seems clear that the p ring will be placed on top of the e-ring now 
under construction. The space for this has been left clear in the e-LEP 
desiqn with the exception of the storage cavities of the phase 1 e-RF sys-
tem. These storage cavities are bolted on and can be removed (with of 
course a reduction in the maximum electron beam energy) if needed. It is 
expected, however, that the copper accelerating cavities will have already 
been replaced by superconducting ones before a p-LEP starts ooeratinn_ 
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5. Accelerating system 
The accelerating system must be capable of capturing (with very high 
efficiency) the injected protons and antiprotons, accelerating the beams in 
a reasonably short time to 8 TeV, and finally providing satisfactory life-
times for physics. 
At present the longitudinal phase plane parameters in the SPS at 
270 GeV are 4) 
AE 
E = = 0.66 m 
where tU is the full bunch length (• 3. 7 cr.1. for best Gaussian fit4)). 
These values scaled (for constant RF voltage) to 400 GeV give 
AE 
E = 0.94 X 10-
3 
= 0.54 m (14) 
In the absence of RF gymnastics in the SPS, the bunch length at 
injection should be less than the length of the RF bucket for efficient 
capture. This sets an upper limt to the frequency of the acceleration 
system. The wavelength of the LEP 350 MHz RF system is - 87 em; 
consequently this frequency could also be used for p-LEP. 
The fractional frequency swing for 400 GeV injection is given by 
High Q, room-temperature cavities can therefore be used. 
The required rate of acceleration from injection (Ei) to design 
energy (Ed) gives the required energy gain per turn (Vsin~s) to be 




Assuming that the beams should be accelerated from 400 GeV to 8 TeV in one 
minute (t = 60) gives 
Vsin$ = 11.26 MV/turn 
s 
A reasonable value for the peak RF voltage is 
V : 100 MV. 
which is one quarter of the Phase 1 e-RF system. 
This produces a synchrotron tune (Qs) for the Q : 60 lattice 





















at 270 GeV. (16) 
(17) 
Using equations (15), (16) and (17) gives the longitudinal bunch dimensions 
at 8 TeV to be 
= 
LlE 
0.34 ns (: 10 em) and - = E 3. 1 x 1 o-
4 ( 18) 
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Consequently the bunch fills only a small fraction of the RF bucket at 
8 TeV. It should be pointed out that the longitudinal emittance can be 
increased at will during acceleration by simply 'shaking' the RF bucket 
(phase noise). 
6. Impedance estimates 
The transverse impedance (Zl) is related approximately to the 
longitudinal impedance I ~~~ by 
2R 1-Znn j 21 = 2 d 
where d is the effective radius of the vacuum chamber. 
The longitudinal impedances of e-LEP have been estimated5) to be 
l..]__n
11 of vacuum chamber = 0.08 Q 
~~~ of 128 cavities 0.98 Q 
(19) 
(20) 
Since e-LEP has been designed to provide an accelerating voltage of 
400 MV/turn and it has already been shown that p-LEP requires only 100 MV/ 
turn, then it seems reasonable to assume that p-LEP can operate with only 
one quarter of the cavities foreseen for e-LEP, i.e. 32 five-cell cavi-
ties. It is also assumed that the longitudinal impedance of the p-LEP 
vacuum chamber will be equal to that of e-LEP. Hence the estimated longi-
tudinal impedances for p-LEP are 
I ~n I (vacuum chamber) = 0.08 Q I ~~ I for 32 cavities = 0.25 Q. 
For evaluation of the transverse impedance of the vacuum chamber using 
equation (19) we assume a vacuum chamber radius (d) of 2.5 em giving 
zl (chamber) = 1 .08 t-tl/m 
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The transverse impedance of a 
using an idealised model6) up 
single LEP cavity cell has been computed 
to a frequency of 9 GHz. Assuming the 
same five-cell cavities for p-LEP gives 
ZL (32 cavities) = 0.45 MC/m 
and a total transverse impedance of 1.53 MC/m. 
7. Transverse stability 
One of the main performance limitations for the e-LEP design results 
from a transverse instability caused by transverse mode mixing. The 




7.5 F Qs E 
~ h Z 1 fe2 Y r .J.. 
F is a form factor depending on the bunch length 
~y is approximately the average amplitude function 
R (• - ~ 50 m for LEP) 
Q 
hr = fr/f; fr is the centre frequency of the low Q resonator impedance 
model (usually 1.3 GHz for modern storage rings). 
(21) 
At injection energy where the bunch 
( 14)] the value of F is around 4 + 57). 
length is 0.54 m [see equation 
We also assume, rather pessi-
is adjusted to give a Qs of 0. 005 (i.e. mistically that the RF voltage 
constant Qs during acceleration). Hence equation (21) gives a threshold 
intensity per bunch of 4.2 x 1012 particles (7.6 rnA/bunch). 
In addition, since the minimum value of F is around unity it is clear 
from equation (21) that the threshold intensity increases with increasing 
energy. Hence in the worst case the threshold intensity per bunch is 
around 4 x 1012 which is much greater than the required calculated intensi-
ties for either pp or pp operation. It is therefore concluded that this 
transverse instability will not occur in p-LEP. 
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8. Longitudinal stability 
The threshold intensity at which the longitudinal micro-wave instabi-
lity occurs is given by8) 
E a 3 --(~) 
~~~ R 
(22) 
At injection energy (400 GeV) and using the values previously obtained for 
Os (0.005), as (14.6 em) and Zn/n (0.33 C) gives for 400 GeV 
Nb (threshold) = 4.4 x 1012 particles/bunch (7.9 mA/bunch) 
This value is clearly above the required intensity for pp or pp operation. 
At 8 TeV equation (22) gives, using 
Os = 0.005 as = 2.7 em Zu/n = 0.33 c, 
Nb (threshold) = 5.6 x 1011 particles/bunch (1.0 mA/bunch) 
Once again this threshold value is higher than the intensities required for 
pp or pp operation. It is therefore concluded that the threshold for 
longitudinal instability will not be reached. It is clear from equation 
(22) that the threshold current can rapidly be increased by increasing the 
bunch length. This may easily be done, as stated previously by 'shaking' 
the RF bucket during acceleration. 
9. Conclusion 
A bending field of over 9 T is required to reach 8 TeV. 
A pp (single-ring) collider would reach a luminosity of 1031 cm-2s-1 
with a total number of 7.1 x 1011 antiprotons - 20 times the total number 
of a present-day SPS fill2) - provided an insertion with ~y * = 1 m, 
~x* = 2 m can be built. We believe, however, that beam separation in a 
single superconducting 8 TeV ring will be very difficult and that the num-
ber of bunches per beam is, therefore, restricted to four (possibly 
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eight). Under this condition the luminosity per bunch-bunch crossing is 
2.2 x 1026 cm-2s-1 (possibly half that with eight bunches) - too high to 
avoid a large proportion of multiple events within a bunch crossing. 
Twin pp rings (possibly with common magnet enclosures) can reach 
1032 cm-2 s-1 , for example with 2 x 40 rnA of circulating beams and at a 
beam-beam tune shift !;; still a factor 3 below the limit of 0.003 Cor with 
2 x 13 rnA at that limit). To avoid the problem of multiple events the 
number of bunches must be of the order of 400. This seems perfectly pos-
sible. To obtain the specific luminosity quoted in the first example 
above the normalized emittance (ya/ /~xl~rthe protons from the SPS must 
be reduced to about 10-5 rad m. 
At the highest proton currents quoted above, the synchrotron radiation 
power becomes a problem for cold-bore magnets. 
An RF system providing roughly 100 MV per turn at 350 MHz 
common one even in pp rings) seems quite adequate. The Phase 
(perhaps a 
1 e-LEP RF 
system gives four times this voltage and might be used for protons as well. 
Preliminary estimates of wall impedances (at 5 em bore diameter) and 
an equally preliminary analysis of known beam instabilities suggest that 
there should be no serious problems in this area. 
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